associated with the activity of subsets of VLPO neurons Japan and cholinergic and cholinoceptive neurons in the mesopontine tegmentum (MPT), as well as inactivity of wakerelated monoaminergic structures. Summary Narcolepsy-cataplexy is a debilitating neurological disorder that provides a unique perspective on the Narcolepsy-cataplexy, a neurological disorder associmechanisms of sleep/wake control. The syndrome conated with the absence of hypothalamic orexin (hypocresists of excessive daytime sleepiness accompanied by tin) neuropeptides, consists of two underlying problems: irresistible "sleep attacks," cataplexy (sudden bilateral inability to maintain wakefulness and intrusion of rapid loss of postural muscle tone triggered by emotions), eye movement (REM) sleep into wakefulness. Here we sleep-onset hallucinations, and sleep paralysis. Of these document, using behavioral, electrophysiological, and symptoms, cataplexy is the most specific marker of the pharmacological criteria, two distinct classes of besyndrome in humans (Aldrich, 1998). These symptoms havioral arrests exhibited by mice deficient in orexinare believed to result from two underlying problems: (1) mediated signaling. Both OX2R Ϫ/Ϫ and orexin Ϫ/Ϫ mice inability to maintain wakefulness and (2) hypothalamic area (LHA). The LHA is a region classically implicated in energy homeostasis, autonomic tone, and motivated behavior. Notably, orexin neurons send projec- These episodes in narcoleptic orexin Ϫ/Ϫ mice have been We refer to these two distinct types of behavioral arrests as "abrupt" and "gradual" arrests throughout this report. characterized previously using the following criteria: (1) an abrupt cessation of purposeful motor activity; (2) Figure 3A) , vealed that the microarchitecture of the EEG during ambulation (video supplement to Figure 4A) , and climbthese episodes appeared normal, without any evidence ing; very few abrupt arrests were preceded by less conof seizure-related activity. EEG spectral patterns during spicuous behaviors, including quiet wakefulness (Supabrupt arrests in orexin Ϫ/Ϫ mice confirmed strong correplemental Tables S1 and S2 Figure 5 and Supplemental Table S5 , 1995) . by psychostimulants such as amphetamines, modafinil, and caffeine (Shneerson, 2000) .
Furthermore, detection of extracellular orexin peptide mice compared to wild-type mice ( Figure 1D ). These levels in brains of normal animals by microdialysis indifindings indicate that the targeted OX2R allele is funccates that orexin levels accumulate during wakefulness tionally null, but despite increased expression of orexin and decline with the occurrence of sleep (Kiyashchenko mRNA, whole-brain orexin peptide levels are not imet al. These episodes in narcoleptic orexin Ϫ/Ϫ mice have been We refer to these two distinct types of behavioral arrests as "abrupt" and "gradual" arrests throughout this report. characterized previously using the following criteria: (1) an abrupt cessation of purposeful motor activity; (2) a We characterized the behavioral arrests of male mice of mixed genetic background (12-13 weeks of age) elicsustained postural collapse maintained throughout the episode; and (3) Ϫ/Ϫ mice revealed the occurrence of a distinct variety of behavioral arrests with onsets that were 3D). In general, mutant mice of both groups exhibited variability in the frequency of arrests, highlighting in part more gradual in nature ( Figure 3B and Supplemental Movies at http://www.neuron.org/cgi/content/full/38/5/ the possible influence of mixed genetic background. In contrast to orexin Ϫ/Ϫ mice, all of which exhibited abrupt 715/DC1) than those typically observed in orexin Ϫ/Ϫ mice. Such gradual arrests typically began during quiet arrests, only about half of the OX2R Ϫ/Ϫ mice exhibited abrupt arrests. Notably, despite similar mean durations wakefulness (see below) and could be easily distinguished from the normal onset of resting behavior by of abrupt arrests, orexin Ϫ/Ϫ mice displayed a 31-fold higher mean frequency of abrupt arrests per mouse than (1) the absence of stereotypic preparation for sleep (e.g., nesting and/or assumption of a curled or hunched posdid OX2R Ϫ/Ϫ mice (p ϭ 0.0048). As a result, total time consumed by abrupt arrests was much greater in ture, with limbs drawn under the body) and (2) a characteristic ratchet-like "nodding" of the head over a period orexin Ϫ/Ϫ mice in this experiment (p ϭ 0.0021). In contrast, similar proportions of orexin Ϫ/Ϫ and of several seconds, with a transition to a collapsed posture. We therefore adopted these different criteria for OX2R Ϫ/Ϫ mice exhibited gradual arrests, the frequency of which varied widely in individuals of each group (Figjudging onset of Figure 3A) , vealed that the microarchitecture of the EEG during ambulation (video supplement to Figure 4A) , and climbthese episodes appeared normal, without any evidence ing; very few abrupt arrests were preceded by less conof seizure-related activity. EEG spectral patterns during spicuous behaviors, including quiet wakefulness (Supabrupt arrests in orexin Ϫ/Ϫ mice confirmed strong correplemental Tables S1 and S2 at http://www.neuron.org/ lation with normal REM sleep (r ϭ 0.987) rather than cgi/content/full/38/5/715/DC1). In contrast, gradual arwith non-REM sleep (r ϭ 0.623) or wakefulness (r ϭ rests in both genotypes were most commonly preceded 0.744) ( Figure 4D ). Similar spectral patterns were obby quiet wakefulness (Supplemental Tables S3 and S4 served from the much smaller sample of REM sleepand video supplement to Figure 3B Ϫ/Ϫ mice, OX2R Ϫ/Ϫ mice but not wild-type mice exhibited such no effect of clomipramine was observed on behavioral dissociated states in which stereotypic chewing of food arrests in these mice when administered alone. Imporcontinued after the onset of non-REM sleep as judged tantly, simultaneous administration of both caffeine and by EEG/EMG. Although the brevity of many episodes clomipramine resulted in suppression of both arrest (typically less than 10 s) precluded detailed analysis, a types in orexin Ϫ/Ϫ mice, suggesting that the effects of particularly long (42 s) episode demonstrates that the these agents upon arrests are independent.
EEG features of this example conform unambiguously to the spectral features of non-REM sleep.
EEG/EMG Correlates of Behavioral Arrests
Cerebral cortical activity and postural muscle tone,
Dysregulation of Non-REM versus REM monitored by EEG/EMG, are useful for discriminating
Sleep Transitions sleep/wake abnormalities. To examine vigilance states Narcolepsy-cataplexy is characterized by abnormalities in the frequencies, durations, and amounts of vigilance during abrupt and gradual arrests, we performed con- , 2000) .
toms of narcolepsy-cataplexy to be dissected at the molecular genetic level. Gradual arrests in both orexin Ϫ/Ϫ and OX2R Ϫ/Ϫ mice resemble human sleep attacks in several respects. UnUsing behavioral, pharmacological, and electrophysiological means, we determined that narcolepsy synlike abrupt arrests, gradual arrests most frequently occur following inconspicuous activities and quiet waking dromes in orexin-and OX2R-deficient mice appear identical with respect to fragmentation of vigilance states periods rather than vigorous motor activities with a higher potential for emotional content. Not once were and the inability to sustain wakefulness due to interruption by sleep periods including non-REM sleep attacks. onsets of gradual arrests observed in association with preceding gait disturbances or muscle atonia suggesSimilarly, both sporadic and genetic forms of canine narcolepsy exhibit sleepiness based on increased tendtive of cataplexy. Unlike normal sleep, however, gradual arrests lack mouse-specific behavioral features of rest encies to fall asleep and more fragmented wakefulness patterns ( (510 nm emission; 380 nm excitation) and measured as ⌬F/F from hr light:dark cycle at all times, and were housed under conditions background subtracted images. that controlled temperature and humidity. All procedures were approved by the appropriate institutional animal care and use commitInfrared Video Characterization of Narcoleptic Behavior tees and were carried out in strict accordance with NIH guidelines.
CCD video cameras (8 mm format Sony TRV-CCD66 and mini-DV format DCR-TRV8) with infrared and digital time recording capabilities were used to document behavior (4 hr/mouse) using a standard Histological Studies In situ hybridization was performed with probes corresponding to open field apparatus (Opto-Varimex-3, Columbus Instruments, Columbus, OH) as described previously (Chemelli et al., 1999). Mice mouse OX2R exon 3, which was determined by 3Ј RACE from exon 2 (see above), amplified by PCR using primers ACAGACTGTGT had free access to food and water throughout the experiments. The criteria for scoring abrupt arrests included (1) an abrupt (less CAGTGTCTGTG and GCCCCAGTGTTCATCACATAC, and cloned into pCRII-TOPO (Invitrogen) in sense and antisense orientations. than 1-2 s) transition from obvious, generally robust, purposeful motor activity; (2) a sustained collapsed posture maintained Brains were sectioned, riboprobes were generated, and hybridization was performed as described (Chemelli et al., 1999) . throughout the episode; and (3) an abrupt end to the episode with resumption of obvious purposeful motor activity. Criteria for gradual Dual-label in situ hybridization/immunohistochemistry in rat was performed by a modified protocol similar to that described prearrests are identical except for a gradual (Ͼ2 s) onset with transition from obvious, generally quiet, purposeful motor activity. Gradual viously (Elias et al., 1998). Brain sections (30 m) were first processed for in situ hybridization for OX2R using free-floating sections arrests were discriminated from normal sleep onset by head "nodding" and lack of normal sleep posture. Coded videotapes of 12 followed by immunohistochemistry for ADA (antibody was the kind gift of Dr. R.E. Kellums, dilution 1:50,000). Prior to hybridization, orexin Ϫ/Ϫ , 14 OX2R Ϫ/Ϫ , and 20 wild-type littermates (males, 12-13 weeks old) were scored by each of two independent observers sections were rinsed in DEPC-treated PBS (pH 7.0) and were pre-
